INTRODUCTION
Salm. enteritidis infection in humans has been linked to the consumption of contaminated Grade A shell eggs and eggcontaining products (St. Louis et al. 1988) . Therefore, Salm. enteritidis has become a signi®cant problem for the commercial layer hen industry. Natural infection of poultry by Salmonella occurs via the oral route and salmonellae colonize the intestinal tract with the caecum being the main site of colonization (Stavric 1987) . In hens infected with Salm. enteritidis, contamination of the egg contents occurs by dissemination of Salm. enteritidis from the intestinal tract to the ovary (Stavric 1987) . Approximately 60% of the laying¯ocks in the US are force-moulted by feed withdrawal (Bell 1987) . Birds infected with Salm. enteritidis during feed withdrawal shed signi®cantly higher numbers of Salm. enteritidis from the intestinal tract (Holt and Porter 1992 ) and the organism is distributed more evenly along the intestinal tract (Holt et al. 1995) . In addition, feed withdrawal is accompanied by dissemination of Salm. enteritidis to the internal organs such as the liver, spleen and ovary (Holt 1993; Thiagarajan et al. 1994) .
The invasion of the intestinal epithelium is an important feature of Salmonella pathogenesis (Takeuchi 1967; Giannella et al. 1973) . Most of the genes required for the entry of Salmonella into intestinal epithelial cells are located on Salmonella pathogenicity island 1 (SPI1) at centisome 63 on the chromosome (Gala Ân 1996) . Genes on SPI1 are important for the intestinal colonization and organ invasion in poultry because strains of Salm. typhimurium and Salm. enteritidis with mutations in SPI1 genes are attenuated for virulence and de®cient in organ invasion of chicks (Porter and Curtiss 1997; Turner et al. 1998) .
HilA is a transcriptional activator encoded in SPI1 and HilA is required for expression of SPI1 genes and invasion of epithelial cells (Lee et al. 1992; Bajaj et al. 1995; Penheiter et al. 1997) . Current evidence indicates that the environmental conditions required to induce expression of Salmonella SPI1 invasion genes are low oxygen, high osmolarity and a slightly alkaline pH (Gala Ân and Curtiss 1989; Lee et al. 1992; Jones et al. 1994; Bajaj et al. 1996; Leclerc et al. 1998) . HilA expression is regulated at the transcriptional level by environmental conditions and HilA co-ordinately regulates the expression of SPI1 genes in response to these environmental stimuli (Lee et al. 1992; Bajaj et al. 1996) .
During oral infection of poultry, Salmonella ®rst encounters the crop environment. Because Salmonella virulence genes are expressed in response to the in vivo environmental conditions (Gala Ân 1996) , the crop environment may be an important regulator of Salm. enteritidis virulence. In our previous study (Durant et al. 1999) we observed that feed withdrawal alters the environment of the crop by causing signi®cant reductions in the Lactobacillus population along with decreased lactate concentrations and increased pH. These changes in the crop of moulted birds were accompanied by signi®cant increases in Salm. enteritidis colonization of the crop (sixfold increase in the number of Salm. enteritidis-positive hen crops) and caeca (3 log 10 increase in Salm. enteritidis colonization) along with increased invasion of the spleen and liver. In addition, expression of hilA was nearly doubled when Salm. enteritidis was grown in ®lter-sterile crop contents of the moulted birds compared with unmoulted birds. These results suggested that changes in the crop environment as a result of feed deprivation regulate invasion gene expression. Therefore, the purpose of the present study was to identify the components of the crop contents that have the potential to in¯uence hilA expression in Salm. enteritidis.
MATERIALS AND METHODS

Measurement of glucose, amino acids, lactate and pH in crop samples
The samples of crop contents previously collected from the hens that were force-moulted by feed withdrawal or unmoulted hens were used (Durant et al. 1999) . The crop contents were centrifuged and the supernatant was ®lter-sterilized. The concentration of glucose was determined by using copper salts and neocuprione as described by Dygert et al. (1965) . Amino acids were determined using the standard ninhydrin method as described by Barbenhenn (1995) . Lactic acid concentrations were determined by an enzymatic method (Hohorst 1965) . The pH was measured using a glass pH electrode (Cole Palmer Model 05669-20 Niles, IL, USA).
Bacterial strains
A primary poultry isolate of Salm. enteritidis (phage type 13 A) obtained from the National Veterinary Services Laboratory, (Ames, IA, USA) was selected for resistance to novobiocin and nalidixic acid in the Agricultural Research Service Food Animal Protection Research Laboratory and maintained on nutrient agar. Salm. typhimurium (EE658, tetracycline resistant) which contains a hilA-lacZY transcriptional fusion was provided by C.A. Lee (Department of Microbiology and Molecular Genetics, Harvard Medical School). The Salm. enteritidis hilA±lacZY transcriptional fusion strain had been constructed in a previous study by bacteriophage P22 HT105/1 int201 transduction from Salm. typhimurium (EE658) to the poultry isolate of Salm. enteritidis (Durant et al. 1999) . The transductant was grown in Luria Bertani (LB) broth and stored in glycerol at À70 C. This strain was used in all experiments.
Preparation of Salm. enteritidis inoculum
Prior to the experiment, a sample of culture was taken from the frozen stock and streaked onto LB agar containing 40 mg ml À1 of 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside. The plates were incubated overnight at 37 C. After incubation, a single colony was used to inoculate 2 ml of LB broth in a 13±100 mm borosilicate tube. The tube was placed on a roller drum for 18 h. This culture was used for the Salm. enteritidis inoculum. A 1 : 50 inoculum was added to the different media and dispensed into sterile borosilicate tubes. The tubes were tightly covered and incubated at 37 C without agitation. After incubation for 1 and 3 h, the b-galactosidase activity was determined as described below.
Preparation of media
The media used to measure hilA expression were as follows: LB broth (1% tryptone; Difco Laboratories, Detroit, MI, USA), 0Á5% yeast extract (Difco) and 0Á5% sodium chloride (Difco). When needed the following supplements were added to the media: 0Á2% of either glucose, Casamino acids, arabinose, fructose, fucose, lactose or mannose. NaCl (2 mol) was used to adjust all of the media to the same osmolarity. Osmolarity was measured with a pressure vapor osmometer (Wescor Inc., Logan, UT, USA). The ®nal osmolarity was 256 mmol kg
À1.
For growth in different lactate and pH concentrations, LB broth was adjusted to pH 4, 5, 6 or 7 using NaOH and HCl. For each pH level, LB broth was prepared to contain 25 and 75 mmol of lactic acid using stock solutions (1 mol). After addition of lactate, NaCl (2 mol) was used to adjust all of the media to the same osmolarity. Osmolarity was measured with a pressure vapor osmometer (Wescor Inc.). The ®nal osmolarity was 413 mmol kg À1.
b-galactosidase expression b-galactosidase assays were performed as described by Miller (1972 
Statistical analysis
Analysis of variance and Tukey's honest signi®cant difference were performed on the Miller units using PC-SAS Version 6Á02 (SAS Institute Inc., Cary, NC, USA). All statistical analyses were considered signi®cant at (P < 0Á05).
RESULTS AND DISCUSSION
The crop is a non-secretory organ used for food storage before passage to the gizzard and food mixed with ingested water and saliva provides an excellent medium for the growth of bacteria (Fuller and Brooker 1974) . Analysis of the crop contents of moulted and unmoulted birds for glucose, lactic acid, amino acids and pH are shown in Table 1 . Only limited chemical analysis of crop contents of moulted and unmoulted birds have been reported previously. Analysis of the crop contents of unmoulted birds showed signi®cantly higher concentrations of lactic acid compared with moulted birds (Table 1) . Lactate is the primary fermentation product of the lactobacillus species that are present in the crop (Fuller and Brooker 1974; Fuller 1977 ) and a 9-d feed withdrawal has been shown to reduce the numbers of lactobacilli in the crop by nearly 100-fold and lactate concentration by threefold (Durant et al. 1999) . Signi®cantly higher concentrations of glucose were found in the contents of the unmoulted birds compared with moulted birds (Table 1 ). The presence of glucose and other sugars in the crop are believed to be the result of extensive hydrolysis of starch and other carbohydrates. Much of the sugars formed can subsequently disappear from the crop via absorption by the crop, microbial activity in the crop or leaching from the crop (Soedarmo et al. 1961; Bolton 1965; Pritchard 1972) . Signi®cantly higher concentrations of amino acids were detected in the contents of the unmoulted birds compared with moulted birds (Table 1) . Little is known regarding amino acid concentration or makeup in the crop but earlier work indicates that the material present in the crop before a meal consists only of small quantities of mucus (Smith 1965) . The composition of crop mucus has not been determined. However, in rats the glycoprotein mucin has been shown to be the major endogenous carbohydrate excreted from the upper gut and characteristically contains high proportions of threonine, serine, proline, glucosamine and galactosamine (Bella and Kim 1972) . Analysis of the crop contents of moulted and unmoulted birds showed signi®cantly higher pH in the contents of the moulted birds compared with unmoulted birds. Ford (1974) also reported nearly an identical increase in crop pH (5±6Á7) in fasted vs fed 3±4-week-old chicks and Humphrey et al. (1993) observed increases in crop pH in hens deprived of feed for 24 h.
Based on the crop content analysis presented in Table 1 , the effect of lactate, glucose, amino acids and pH on the expression of hilA when grown in different media was examined. Depending on the diet crops can be empty within 4 h or food can remain in the crop up to 4 h or longer (Heuser 1945; Bayer et al. 1978; May et al. 1988 May et al. , 1990 . However, even in chickens where a rapid emptying rate occurs in the crops, an active fermentation is still present in crop contents (Bayer et al. 1978) . Therefore, based on this time frame, hilA expression was determined after growth of Salm. enteritidis for 1 and 3 h in the different media. In order to determine whether nutrient availability would affect hilA expression, bacteria were grown in LB broth and a 1 : 5 dilution of LB (DLB). LB broth was used to represent a nutrient-rich condition and DLB was used as a nutrient-limiting condition. LB can be considered generally similar in nutritional composition to the nutrients in a typical corn soybean-based poultry feed and comparable culture broth media have been formulated to simulate poultry food (Audisio et al. 1999) . Growth of Salm. enteritidis in the DLB broth produced a 2Á9-fold increase in hilA expression at 1 and 3 h compared with LB broth (Table 2 ). The increase in expression was not due to changes in pH or osmolarity because these factors were the same in all , S.D., n 3 {Units are mg ml À1 , S.D., n 3.
Values in a row followed by different superscripts differ signi®cantly (P < 0Á05).
media (pH 6Á85 and osmolarity 252 mmol kg À1
). Oxygen tension has been shown to regulate invasion gene expression (Gala Ân and Curtiss 1990; Bajaj et al. 1996) . However, because the method of media preparation was identical for all media, it is assumed that the oxygen availability was similar in all media. These results suggest that growth of Salmonella in a nutrient-limiting condition may stimulate the expression of hilA and increase Salmonella virulence. These results also indicate that none of these conditions may be completely repressing hilA response as high expression of hilA-lacZY fusions of Salm. typhimurium when grown under all-activating conditions (low oxygen, high osmolarity, and wildtype phoPQ) can range from 500 to 3000 Miller units (Bajaj et al. 1996) .
Because the crop of the unmoulted birds contained signi®cantly higher concentrations of glucose and amino acids (Table 1) , the effect of glucose or amino acids on hilA expression was determined by the addition of 0Á2% glucose or Casamino acids to LB broth and DLB. In the presence of glucose, hilA expression was decreased in LB, and DLB compared with the unsupplemented media ( Table 2 ). The decrease in hilA expression ranged from 1Á5 to 2Á9-fold at 1 and 3 h (Table 2 ). In contrast with the addition of glucose, the addition of amino acids had little effect on hilA expression compared with the unsupplemented media ( Table 2) .
Because a decrease in hilA expression was observed after supplementation of the media with glucose but not amino acids, the importance of a carbohydrate source on hilA expression was determined by replacing glucose with 0Á2% of fructose, mannose, arabinose, fucose or lactose. Fructose and mannose are utilized by Salmonella spp. whereas arabinose, fucose and lactose are not utilized (Gutnick et al. 1969) . In LB only glucose, fructose and mannose signi®-cantly decreased hilA expression compared with LB with no carbohydrate added (Table 3) .
However, in DLB all carbohydrates except fucose significantly decreased hilA expression compared with DLB with no added carbohydrate. These results suggest that the type of carbohydrate source may in¯uence hilA expression. In DLB, glucose addition resulted in the greatest reduction in hilA expression followed by fructose and mannose, while lactose and arabinose were less so. Schiemann (1995) previously observed that glucose regulates Salm. typhimurium virulence by reducing its ability to invade cultured Madin± Darby Canine Kidney (MDCK) cells while lactose, a nonfermentable carbohydrate source, did not repress invasion by Salm. typhimurium. In our study the utilizable carbohydrates glucose, fructose and mannose (Gutnick et al. 1969) were more repressive of hilA expression vs the nonutilizable carbohydrates arabinose and fucose. Lactose, although not normally a utilizable carbohydrate by Salmonella spp., may be utilized to some extent by this Salm. enteritidis strain because of the lacZY fusion. We have observed that the parent Salm. typhimurium lacZY fusion strain produces positive colonies on lactose-containing MacConkey agar plates (data not shown).
The global regulator, catabolite repressor protein, CRP, regulates expression of a variety of genes in Salmonella in response to the levels of cAMP. CRP and adenylate cyclase are encoded by unlinked crp and cya genes, respectively. Glucose can repress gene expression by reducing the concentrations of cyclic AMP. The effects of Camp±CRP are pleiotropic and play a role in Salmonella virulence. Salmonella strains with mutations in crp and cya genes are attenuated for virulence in mice (Curtiss and Kelly 1987) and chickens (Hassan and Curtiss 1997) . However, since in this study, other utilizable carbohydrates also repressed hilA, the inhibitory effect may not be mediated by cAMP. Values for LB treatments within each column followed by different superscripts differ signi®cantly (P < 0Á05). c,d Values for DLB treatments within each column followed by different superscripts differ signi®cantly (P < 0Á05). Carbohydrates can affect expression of virulence factors in bacteria by alterations in metabolic pools (Mekalanos 1992) and the degree of DNA supercoiling (Dorman 1991) . DNA supercoiling may indeed be a mechanism of SPI1 gene regulation (Gala Ân and Curtiss 1990; Bajaj et al. 1996) . Lactobacilli are the predominant colonizers of the squamous epithelium of the crop and these organisms produce lactate as the primary fermentation product (Fuller and Brooker 1974) . The presence of food material makes the crop a nutrient-rich environment and is important for maintaining the Lactobacillus population (Fuller and Turvey 1971) . In birds that have been forced-moulted by feed withdrawal, the increase in crop pH along with a decrease in lactate concentration is accompanied by increased Salm. enteritidis invasion. In our previous study (Durant et al. 1999) , the average crop pH ranged from 4Á96 to 6Á25, and the average crop lactate concentrations ranged from 24Á4 to 51Á4 mmol in the unmoulted birds. Therefore, the expression of hilA was examined after growth of Salm. enteritidis under different pH conditions (pH 4 to pH 7) and lactate concentrations (25 and 50 mmol) (Table 4) .
After 3 h of growth in LB broth with no added lactate, there was a 1Á2±1Á4 decrease in hilA expression as the pH of the media was decreased from 7 to 4 (Table 4 ). The addition of lactate to LB broth adjusted to pH 7 had little effect on hilA expression. A 1Á3-fold decrease in hilA expression was observed with the addition of lactate (25 mmol) in the pH 6 media compared with similar media at pH 7. At pH 5, a 2Á0±2Á1-fold decrease in hilA expression was observed in LB broth with lactate (25 and 50 mmol) compared with similar media at pH 7. Compared with media at pH 7, a 1Á9 and 5Á8-fold decrease in hilA expression was observed in the presence of 25 and 50 mmol lactate at pH 4. These results suggest that lactate is inhibitory to hilA expression and the inhibitory effect increased as the pH of the media decreased. Short-chain organic acids permeate the cell membrane in the undissociated forms (Cherrington et al. 1991) . As the pH of the media is decreased, there is a higher concentration of the undissociated form (Cherrington et al. 1991) . Previously, we observed a 1Á6±2Á2-fold increase in hilA expression when Salm. typhimurium with a hilA-lacZY operon fusion was cultured in LB broth supplemented with acetate, propionate or butyrate at pH 6 (Durant et al. 2000) . The stimulatory effect was thought to be due to the concentration of undissociated acid because hilA expression was higher at pH 6 compared with pH 7. However, lactate and acetate are both capable of permeating the cell membrane in the dissociated and undissociated forms (Axe and Bailey 1995) . This suggests that the individual organic acids have different modes of action once inside the cytoplasm and unlike acetate, lactate is inhibitory to hilA expression.
In the present study the effects of several parameters that re¯ect the crop environment of moulted and unmoulted birds were examined. The increases in hilA expression in response to speci®c nutrient additions correspond with the previous increases in hilA expression observed after incubation of this fusion strain in crop contents from moulted birds (Durant et al. 1999) . Therefore, the results suggest that the composition of the crop lumen, which is determined by the food ingested, may be important for determining the potential for subsequent Salm. enteritidis infection. The results also suggest that the expression of Salm. enteritidis virulence genes does not depend on a single environmental stimulus in the crop, but that there may be interactions among the stimuli. Based on these results it appears that the arrival of Salm. enteritidis into a crop with a low pH, as a result of high concentrations of lactate, could reduce virulence gene expression. In addition, the availability of a readily utilizable nutrient source, such as glucose, may regulate the degree of infection by repressing virulence gene expression. However, whether the changes in virulence expression observed in this study are of quantitative signi®cance in the hen remains to be elucidated. Finally, these results in conjunction with our previous work Durant et al. (1999) support the concept suggested by Holt et al. (1994) that dietary strategies other than long-term feed removal need to be investigated to determine economic alternatives for moulting that minimize extensive Salm. enteritidis poultry¯ock infestation. There are several alternative dietary approaches to induce moulting (Creger and Scott 1977; Breeding et al. 1992; Rolon et al. 1993) and some have been shown to also decrease the in vivo progression of Salm. enteritidis infection (Holt et al. 1994) . However, ®nding an economical alternative dietary approach to induce moulting and minimize Salm. enteritidis infection may require screening of a large range of nutrient variables to establish the most optimal dietary regime. Values within a column followed by different superscripts differ signi®cantly (P < 0Á05).
